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PREFACE

This report presents the final 94 GHz atmospheric emission
measurements performed during February and March of 1980 under the terms
of Contract No. N0OO173-780C-0165 between the Naval Research Laboratory
(NRL) and the Georgia Institute of Technology Engineering Experiment
Station (GTEES). Two field exercises were conducted at NRL during the
program, and these have been discussed in previous reports. The
measurements described herein were obtained with a slightly modified
version of the radiometer used during the 1978 and 1979 measuremnent
programs. Theoretical models of atmospheric fluctuations are briefly
discussed. The data taken during February-March, 1980 are reviewed and
discussed, with chosen data analyzed with current theoretical
considerations. Recommendations and conclusions resulting from this
work are presented.
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I. INTRODUCTION

The turbulent atmosphere 1is an inhomogeneous medium in which the
refractive index is a function of position and time. Scintillation, the
observed fluctuation in intensity and apparent position of small angular
size, is caused by random fluctuations in the refractive index of the
earth's atmosphere through which the signals propagate. The majority of
the investigations of atmospheric turbulence has been confined to the
optical and the low frequency regions. Until recently, the effects of
atmospheric turbulence on millimeter wave propagation have received
little attention, and, in addition, most millimeter wave investigations
have been directed to one-way link transmissions employing coherent
transmitters, Only a few studies have concentrated on passive
radiometric observations of atmospheric fluctuation effects.

The objective of these upward looking atmospheric measurements was
to establish the spatial and temporal characteristics of atmospheric
absorption/emission in the 94 GHz region. This atmospheric information
is important for determining limitations on radio astronomy resolving
power, and applications 1in communications, and is, in turn, necessary
for providing the overall target to background clutter threshold as
viewed from space, when combined with high resolution data on target
signatures and surface clutter,

In this report, some of the effects expected from theory are
discussed in order to provide a preliminary estimate of the effects
observed in the experiments performed at Georgia Tech. Most of the
theoretical co:siderations are extensions from optical studies; this
practice is questionable until further data and analysis exist in the
miliimeter wavelength region. However, some millimeter wave radiometric
studies have been performed, and our discussion will rely heavily on
these investigations.
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1. DISCHSSTIOM OF TURPRULENCE FEFFCTS

The effocts of atmaspheric fluctuations have heen extensively
studied in the antical reaion with little consideration given to the
effects in the millimeter wvavelenqgth reqgion. 0f the measurements
performed at microwave frequencies and the few in the millimeter renion,
practically all have been for proragation between two points with
coherent sources. Inly a few bhave treated ohservations or relevant
thenry for nassive radiometric nhservations. As a result, much of the
theory and terminnloay must not only he adanted to a new spectral reaion
hut could he orroneously used to internret passive ohservations. At the
current stane of activities in the area nf interest to this proaram,
there is a need for detailed investinations of both theory and
measurerents, For the few investiaations of atmospheric fluctuations hy
millimeter wave radiometry, the interest has been in slower fluctuation
rates than those investigated 1in the measurements performed in this

study.

In addition to the above considerations, the observed fluctuations
nriainate from different causes. In the visible wavelenqth reaion, the
refractive index variations are associated with the fluctuation of the
temperature of the atmosphere due to turhulence. At lonqer radio
wavelenaqths, the variation of the electron density in the ionosphere is
the cause of scintillation. At shorter radio wavelenqths, vhere the
influence nf the Jjonosphere 1is diminishing, variations in the water
vapor concentration of the traposnhere hecome increasingly important in
rausina  fluctuations in the index of refraction. FKemp [11 has pointed
out. that, in all nf these reaions, the medium is essentially non-
ahsorbing and attenuation of the siqnal in the turbulent reqgion nlays an
insianificant role,. For millimeter and submillimeter wavelenqths,
however, this is no lonaer the case. Thus, it is necessary to consider
fluctuations in atmnspheric attenvation in order to determine the amount
of siqgnal fluctuation present in a radiometric ohservation. [n most of




the analysis performed in this spectral region [2], the model uses the
properties of the dry atmosphere to conform to a standard atmosphere,
e.q., the US Standard Atmosphere [3]. The water vapor concentration is
assumed to have a nmean profile but the concentration is allowed tn

fluctuate from point to point around this mean profile.

One of the earliest investigations of passive observations of the
fluctuation components of the atmospheric noise temperature was
performed by Orhaug [4] at & GHz. He employed a 12' parabolic antenns
at NRAD and considered the small scale fluctuations in brightness
temperature during periods with no precipitation to be an important
Timitation in radiometry. His short fluctuations were on the order of
1-2 % with an average periodicity on the order of a few minutes. The
system integration time was 5 seconds, long compared to our
requirements. In Orhaug's observations [4], the atmospheric effects
which he described were due to the thermal emission by the atmosphere,
resulting from absorption characteristics of the transmission medium.
The influence on phase characteristics of a wave propagating through the
medium was not included. Orhaug has used results published by Hogg [5]
to demonstrate the effects of changing water vapor content within the
receiver beam as a function of zenith angle. Hogqg used the brightness
noise temperature from a standard atmosphere having a water vapor
content of 10 g/m3 at ground level and from a humid atmosphere with 20
g/m3. In Figure 1, the effect of increasing the water vapor content
from 10 to 20 q/m> is indicated for 10 GHz. At the zenith direction,
it is seen that the antenna noise temperature difference for the two
water-vapor contents is 4% increasing with zenith anqgle. The effect
of different water vapor contents in the propagation path increases
considerably as frequency is increased into the millimeter region.

A very rough, but interesting estimate of the variation in
brightness temperature can be made for the assumption that a change in
absorption coefficient occurs over a limited height interval 4|,

AT = Te’“AL(AaAL) (1)
where the absorption coefficient is o« + A« in the interval aL.
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In this case, A« is a function of pressure, temperature and
water-vapor variation, which is the most significant parameter. Orhaug
has considered the results of refractometer measurements to obtain the
variation of the index of refraction as a function of the variation of
the water vapor content: The index of refraction, n, is

10e 3.8x105g

n=1+(19~P-——T~+ 6
T T

) 19 (2)
where P 1is the total pressure in mb and e is the partial water-vapor
pressure. With the refractivity, N = (n-1) 106, it is assumed that
variation in N is caused only by variation in e, then

AN = 4 2re for T = 300°K

Orhaug indicates that refractometer measurements at different altitudes
have given large-scale variations in N of the order of 50-200 N-units
for the first 5 km of the earth's atmosphere. For AN=200, the
corresponding e-variation is ae=50 mb.

The absorption coefficient for water vapor is directly proportional
to the water vapor density, o grams/ m3 and

Afl = a.é\_p_ = uAe
ol e

So the corresponding change in brightness temperature is
2Ty = Ten™ o 28 aL) (4)

where “ is the absorption coefficient in nepers. Orhaug has an error
of a factor of 10 in his calculation so that the fluctuation ATb is
not as large as he indicates. In our case, with the correction made,

ATb = ] .75°K

for «=0.3 dB/km = .0345 neper/km




[ ___ahad

v = § gm/m3
i ne ~
T = 250 K o 0.2
a = 600 mm Hg and AL = Tkm

This variation in the hrightness temperature is obhservable with our

system, but is not as large as was observed in some measurements.

Sollner (6] has made measurements of the frequency spectrum of
filuctuations in submillimeter sky emission and absorption. The
observations were for single beam techniques and double beam techniques
(at fixed separation at 6 feet). The results were analyzed in terms of
"3 Mz and 0.25 Hz. For

observations  involving the fluctuating atmosphere, Sollner has

their power spectral density between 4 x 10

considered the observed brightness of a source of brightness Bs( v)
propagating through an emitting and absorbing medium of brightness Bm(v)

and optical depth t(v). This observed value is

B =[tss(v)f(v)e'1(“)du +/Bm (V) (1-eT 0Ny (5)

where f(v) is the normalized response of the detector; the first term is
the contribution from source (transmission term); the second term
results from the intervening medium {(emission term). The fluctuations
in these terms are transmission noise and emission noise. I[f one
assumes an effective optical depth, the transmission term can be written
as

BT = e—Tej Bs(v)f(\))dv =e '€ _B‘é (6)

For a source constant in time, any fluctuations in the transmission

term are due to change in Toe This term can be made to dominate the

emission noise by choosing a sufficiently bright source. Sollner gives
Toas T+ Ate(t) where Ate(t) is the fluctuations of the effective




optical depth

BT=BSEXD -['re’r’me] (7)

and the power spectrum of Avo as
S. (f) =« f {(8)

where Lhe magnitude nf‘?[depends on'léf is the frequency in Hz and « is

a constant determined from observations.

In the case of emission noise, simplifications are not possible
hecause Rm changes with time as does t. The physical situation of
reqions of differing Bm and 1 passing through the observed solid angle
can he represented in terms of spatial and temporal distributions for
B
N
tracking capability nor sufficient resolution to localize solar areas of

and 1, In the investiqations performed in this program, neither a

constant hriqhtness were available so that the important aspects of the
absorption term could not be investigated. Such observations should be
performed in the future. Further work should be performed in other
vell-defined observing windows and correlations should be made with

temperature, water-vapor and wind velocity.

Several additional considerations can be given to millimeter
fluctuation effects, In the case of millimeter wave propagation
observations, theory predicts a strong dependence of the scintillation
amplitude and angle of arrival variations on the hunidity structure
parameter (. 1n addition to the temperature structure parameter CT‘

Tatarski [7] has shown that the resulting energy distribution in
the turhulent atmosphere is 109 normal, characterized by a variance
qf that is a function of the degree of atmospheric turbulence.



Chernov  [8] and Tatarski [7], in their original work, treated
mainly optical fluctuations and neqlected the effects of absorption on
the  fluctuations. Recent work of Russian workers has considered
fluctuations in the millimeter and submillimeter wavelength reqions,
requiring the inclusion of absorption by atmospheric water vapor.
ITzyumov T9] has solved the wave equation to account for absorption
resultinag in expressions for amplitude and phase fluctuations valid for
millimeter wave propagation. As a result of this work, the index of

refraction N is qgiven by

H=n+ im
with n = n, toH (9)
and m = m, *v
Here, ", and n, are mean values of the real and imaginary parts of N,
and ;. and v are the fluctuating parts.

Armand  [10] has given the spectra of fluctuations of the real and
imaginary parts of the index of refraction and their cross-correlation
in terms of the temperature and humidity fluctuations [See McMillan et

al, Reference 11].

Gurvich [12] has given values of uvandvforcalculations of the
spectra of fluctuations

s (KRG S ) X 1076 (10)
= Py T e ) g—o %Oggo A x 107 ()
K] = 78°K/mb

K2 = 72°K/mb

K, = 3.7 x 10° (°k)? (only weakly dependent on 1)

p = atmospheric pressure in mb

e = partial pressure of water vapor in mb

» = transmitted radiation wavelength

€y Pgs To = stationary values of e, p, T

y = absorption coefficient in nepers/km




The forms of the spectral distributions of fluctuations of

temperature ¢T(q) and humidity ¢p(q) are yiven by Gurvich [12] (see

[11]). For the relationship between Crs the temperature structure
parameter, and Cn, the 1index of refraction structure parancter,
McMillan et al [11] have used

2 -
Cp = € (T9/79p) x 10

Actually Czn and C°

6 (12)
p are the meaingful parameters, but several
authors quote values for Cn and CT'

The Tlimitations imposed by atmospheric fluctuations on the maximum
linear dimensions of large telescopes have been considered by Bastin
[13]. The limitation of angular resolution arises from differential
phase change in radiation reaching either side of a large telescope as a
result of changes 1in refractive index of air along the extreme rays.
Bastin has considered that relatively small changes in total water-vapor
in the solar direction can be determined as a function of time from
small fractional variations in the transmitted solar intensity. This is
the consideration that Sollner had made [6]. For deducing the
fluctuation effects, it is assumed that a fixed distribution exists with
random fluctuations in the concentration of water-vapor with respect to
the atmosphere drifts through the antenna beam due to wind movement.
This widely used assumption is in some cases referred to as the Taylor
hypothesis, but 1is actually Tatarski's hypothesis of "Frozen-in"
turbulence. Under this assumption, temporal changes can be related to
spatial ones and therefore to phase changes which would be expected to
occur between the spatial limits of a large telescope. Kemp [2] has
extended this work by employing concepts put forth by Brooker [14].

Kemp [2] has given the absorption and refractive index of water-
vapor as o(v) and n(v) by the relations-

«{v) = K(v)p = absorption coefficient
n(v) - 1 =L(v)e, nlv) = refractive index

and o = density of water vapor



dimen

He assumes that all irreqularities have ossentially the same

sion D corresponding to the scale of largest significant eddies in

the turbulence and wuses for the variation in water-vapor density the

mean

varia

square value

tion produces

for the deviation from the mean

(o) . This

a corresponding change 1in refrdactive index and

attenuation of the siqnal within the reqgion.

is

The fluctuation in refractive index is given hy

(i)

= (LG TAn)?

The chanqge in siqgnal intensity is

A=

Y

where [ = =
A=
AL |2
Thus, |— =
Iv

I %t for Ar =< ]
Vv v

s1gnal intensity

K(\)) Dfxl'!
change in optical depth of the region
KD ()2

(14)

= relative mean square intensity fluctuation per reqgion

The mean square fluctuation in phase of a wave of wavelength
propagating through one region resulting from a refractive index change

(20)

where S(v)

21 (an)?

:)\ S
Al 2
Vv

B [

’ Al 2
=S (v) {—I_\T}

2mub{v)
c¥ (V)

n

L]

the scintillation coefficient

10

G e e, e

(15)

L e e e sk



a————

e~

[f now a wave travels a distance through the fluctuation layer, 1t
will encounter f% regions. With the assumption that the water
fluctuations are uncorrelated, the phase fluctuations will add in random

walk fashion

.
(1% = 2l (16)

Similarly, the relative fluctuations in intensity are

2 7 N\Z
,“EI\) ZQ "Iv (]7)
T ]~ 0 \TN
\ \Y

Thus, the phase fluctuation for a wave passing through a layer s

related to the intensity fluctuation by

(18)

for . 1. The scintillation coefficient S(v) isinversely proportional
to pressure and is a weak function of temperature and the concentration
of water vapor. The coefficient can be taken as a constant throughout
the troposphere, and the mean square fluctuation in signal phase can be

determined from intensity fluctuation.

Kemp [2] has considered the practice of determining the
fluctuation in phase difference for the wave arriving at two points
separated by a distance d, which is perpendicular to the wave being
propagated. If C(d) is the correlation coefficient between the phase
fluctuations at the two points, the phase difference hetween the signals
at the two points is

) iloy - op)f = 2)-C(A)f (a)°. (19)

In addition, let ag = the angular scintillation, i.e. the
fluctuation in the direction of arrival of the phase front.

"i S (gt Taley - ep))?
25 ? 1-cta)) (an)? (20)

n
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To consider the atmospheric Timits on an instrument of aperture d,
Kemp compared L with the minimum resolved angle due to diffraction. for

the instrument to be atmospherically limited,

Y L
s ''d

or 2 1-cla)) (a)® - (2.840)° (21)

Thus, when the random phase fluctuation due to the medium exceeds

1.74 n radians, for some value of d, the atmospheric angular

scintillation will exceed the diffraction 1imit so that the instrument
is atmosphere limited.

2

(

If the mean square difference coefficient A (d) is related to the

correlation coefficient by

W) = 2h-ca)} (22)

then, A (23)

In the millimeter wavelength region, phase fluctuations and the
difference coefficients are not measured directly, but they can be
determined from observable intensity fluctuations due to the variation
in atmospheric attenuation.

For 7v~1, the variation in phase and intensity are directly related
to fluctuations in water-vapor density. Therefore, the correlation
coefficient and the mean square difference coefficient for phase are
identical to those for intensity fluctuations.

12
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Hith equations 18 and 23,

Al
22(d) s2(w) -—Ii - (2.440)° (24)
v
where now \Z(d) is for intensity fluctuations,
The instrument is atmospherically limited if
; ]2
Ul (1,78 )%5%(0) (25)

-T_‘J

In addition, the limiting size of a diffraction limited instrument
can be obtained from
-1

2
{ (A1 1)

,\z(d) = (1.74w)2 S'z(v) [—X] (26)
(T J
v

Neither the work of Kemp nor that performed in this program could
measure intensity fluctuations from two positions but it has been
possible to measure intensity fluctuation as a function of time at a
qiven position. [t is therefore possible to use Taylor's hypothesis to
relate the mean square difference coefficient for a time interval t to
the mean square difference coefficient for the spatial separation, d, by
the relation

2 2
Ay = ol(t) = hy o= o(d) (27)
t = g , v = drift velocity of the atmosphere

Kemp's work indicated that, during his measurements, the drift time
interval for fluctuations was about 4C seconds, which when combined with
the wind speed of 10 m/s gives the turbulent region dimension to be
~~ 400 m,

e e e e ar— g
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In their investigations of millimeter wave atmospheric fluctuation
effects, several authors have employed various concepts and methods of
expressing the effects. As previously indicated, the majority of
treatments applies to active one-way propagation and many discussions
are not applicable to passive observations. It is important for this
discussion, however, to include brief comments on these various

investigations:

1.) The ¥olmogorov model [15] assumes homogeneous and isotropic
conditions of the atmosphere to describe the index variations. For a
particular range of separation between two points, r; and r{, the

model yields

n(r]) -n(rz) ? = Ci 'r] ) ’2/3 (28)

where - - denotes an ensemble average and Cn is the index structure
constant. The separation range for validity of the model, often referred
to as the inertial subrange, is

rn-r <« L (29)

where Lo and ‘, are the outer and inner scales of turbulence
respectively. L0 and vy may be thought of as the approximate maximum and
minimum of the eddy size. In the atmosphere,ao ranges from a millimeter
to centimeters, whereas Lo for horizontal propagation in the low
atmosphere, is about 1/3 the height above ground. For separations
greater than LO, the mean square index fluctuation levels off to
CanOZ/3 whereas, for separations less than % viscosity effects cause a
very rapid decrease in index fluctuations.

14
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2.) For intensity fluctuations in the millimeter wave region,
theory requires consideration of the problem in two separate domains
dependent upon the size of the outer scale of turbulence compared to the
first Fresnel zone along the propagation path of length R. The cases
are

L, - VAR and L > ViR

Most rough estimates of turbulence effects in the mm wavelength region
are based on Tatarski's calculations (7] , valid forl - YR, Mo
simple quantitative models of amplitude fluctuations for the case of

L < V)R

exist, but Tatarski for a plane wave with L > /AR~ gives the variance

of the log-intensity fluctuations as

12 = I 2 >
« < (10 109,41 )" s
= 23.39 ¢ K781/ (gp?) (30)
where k = 24/
Worst-case estimates [16] for Cn have been made on basis of
optical measurements to give Cznf 6 x 1013m'2/3 for strong turbulence.

3.) Using optical constants for obtaining estimates of millimeter
wave turbulence effects, one must realize that optical turbulence is
mainly dependent upon atmospheric temperature fluctuations and that
varying water vapor effects are neqligible. For millimeter waves, water
vapor contributions to the index of refraction become important. Brown
has shown that, for microwaves (> 10 GHz) statistical variations in
water vapor below 8 km can produce values of C2n that are more than
two orders of magnitude greater than the values for the corresponding
optical case; therefore, estimates of02 based on optical constants may
hbe in serious error.

15
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4,) Armand et al [16] examined fluctuation effects near the 920
~m water line and found that on the absorption line center, the
amplitude fluctuations were approximately five times less than in the
980 um window,

5.) Mavrokoukoulakis et al {171 have compared the measured
variances of log amplitude fluctuations at 36 and 110 GHz as a function
of time and showed that the fluctuations at the different frequencies
were very well correlated. Ho et al [18] have performed simultaneous mm
and X-band refractivity measurements of Czn obtaining over a one-hour

2 of 0.25x10" 273 and 0.32

period, respective average values of C n

y lo-ldm-2/3.

6.) Andreyev et al[19] have made measurements ati= 2 mm on a
horizontal path of length 5.6 km in a strongly turbulent atmosphere.
They were concerned about testing Tatarski's hypothesis of “frozen-in"
turbulence and estimated the width of the spectrum on intensity
fluctuations due to cross-transfer of homogeneities across the path of
propagation to be

AF = < vl>//T‘ (31)
where < vlf = the mean speed of homogeneities transfer
and L = path length

Andreyev et al found »F = 0.17 Hz, They divided the fluctuations
into fast (- 0.1 Hz) and slow ( < 0.1 Hz). Their conclusion was that
"frozen-in" turbulence doesn't describe intensity fluctuation quite
correctly. The conclusion was that "frozen-in" turbulence was confirmed
when it  describes intensity fast-fluctuations. Intensity slow-
fluctuations are assumed to be caused by cross-transfer and evolution of
large scale inhomogeneities whose sizes are more than /AL . To estimate
Cn, Andreyev et al considered the effect of aperture averaging and
obtained values for C,in the range from 0.12x10°% to 0.61x107%n"1/3,

TN
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In support of measurement of atmospheric turbulence, a vertical
profile of the thermal structure of the atmosphere would be very
important Bufton [20] combined thermal sensor technology for
microthermal  measurements with radiosonde balloon systems. This
resulted 1in an extension of turbulence sensing to heights up to 2% km
ab9ve sea level. This measurement technique provides CTz(h) data where

CTz(h) is the temperature structure coefficient and h is the altitude.

2

The refractive index structure coefficient C _“(h) 1is obtained from

relationships with CTZ(h) at least for opticalneffects. Bufton obtained
the mean-square temperature difference between two microthermal probes
as a function of altitude. This is, by definition, the temperature
structure function, DT’ at probe locations ) and rot

Dy(ry, rp) = <[T(r)) = T(r,)1%

e
—
-
—
~—
i

temperature at point "

2 2/3
DT(r) = CT r / , r = |r1 - r2|

CTZ is a strength parameter. A larger value indicates more

temperature fluctuations, which are associated with more-turbulent

mixing of air. The general expression for refractive index as a function

of temperature and wavelength provides the connection between CT2 and

2

Ly - Bufton uses the expression 2
c2(ny = [72:9.P(h) x 107 C]Z.(h) (32)
n T2 (h)

atmospheric pressure {mbars)

where P(h)
T(h) = ambient temperature (OK)
h = altitude.
This relation has been used by McMillan et al [11] [See Equation
12], but Bufton has indicated that the relation applies for 0.5 um.
Therefore, caution should be exercised in using it at millimeter

wavelengths.
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N recent puhlication by Hill, Clifford and Lawrence [22] treats the
rffects of refractive-index and ahsarption fluctuatinns on propaaation
for the microwave reninn throuoh the IR, This work can he adanted to
the vertical radiametric ohservatinns of interest to this proaram., The
MARAR - arour has investigated the dependence of fluctuatinns 1in
atmospheric  abhsorption and refraction upon fluctuations in temperature,

himidity and pressure.

For the apnlications of interest in this report, fluctuations in
atmaspheric refraction are not sianificant. The work of Hill et al [277
has considered the contributions from line ahsorption by Hpﬁ. They
have develaoped functinns, relating the fluctuations, which are necessary
for evaluatina deqradation of electromagnetic radiatinnby turbulence.
In the calculation of the turbhulence effect, we must choose a set of
mean  atmnspheric  conditions. Since the observations are for vertical
ahsorption effects, the mean atmospheric conditions are chosen for

vertical layers of the atmosphere,

In reference [7?], it s assumed that turbulent fluctuations in
tntal pressure  aive a nenliaible contribution to absorption and
refraction fluctuations, This assumption 1is for horizontal active
svstem nropaqatinn, but is assumed to apply to vertical ohservations.
IThether this is a reasonahle assumption far vertical ohservations

remains to he determined,

In the millimeter wavelenath reqion, humidity fluctuations dominate
absorption  “luctuations, In order tn determine the effects of
ahsorptinon  fluctuations on antenna temperature (aT), it is possihle to
emnloy the variation of atmospheric absorption as a function of
fluctuations in temperature, humidity and pressure. It is necessary to
nrovide these functions that vrelate the fluctuations 1in order to
evaluate the deaqradationof radiation hy turbulence. Tt is necessary to
chonse a set of mean atmospheric conditions.

18
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The relations employed for the fluctuation determinations include
the Tinestrenqth (Si) for an individual i (in units of cm'2 per unit
concentration) and the linewidth. Roth the Tinestrength and Tinewidth
are temperature dependent, and, in addition, the linewidth depends on

pressure and humidity.

The Tlinestrength 5 has temperature dependence arising from the
partition  function, and the difference of 2 PRoltzmann

distributions [22]

pArT?

exo -E}‘/ CT) - expl -EiU /CT)

S (34 . e m - f e e e ———— e

i

£ and EL are values of upper and lower -
state energies for spectral line i (in units cm °).

Then, C = kB/hc = 0.695008 cm L %!
L

and vy = N L

The temperature dependence of the lTinestrength is shown to he

; 3 : 1 - exp(-v /CT)
Si (T) = Soi(To/T) exp |- —{ -- o
c \T TO 1 - exp(—ui/CTo)
a = 3/2
So1 = strength of line i at the reference temperature To'
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Total absorption is the sum over all lines-

y: I
gi i1

n[ = 5/8uy

Q = absolute humidity

The fluctuations in 4, are given by-
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and a =3/2 , b=0.62

[f we were only concerned with £ fluctuations due to humidity
fluctuations, the result would be

29 _akr sg
i p+aker @

H

e

+
@l f

The total fluctuation in atmospheric absorption is
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In the low frequency limit, vy CT, applying to the
millimeter/submillimeter wavelength region,

s.(1) . 172

; exn( —E}'/ CT)

The dependence of linewidth on P, 0, T is given as [22]

\ /i \b
e PLTL Q) = P+ 4kQT 0

i oi
PO T

with b = 0.62

;= width of line i at reference pressure P_ and
0i 0
temperature TO.

Hill et al wused formulas for differential changes to find the
fluctuations caused by turbulence (accurate to first order in fluctuations).
Variables P, T and 0 are written as the sun of their mean values - P |,

-T- and -0 and their fluctuations caused by turbulence -

P = «P- + SP
T=-T.+ ST
G = -Q- + S0

The following relations [22] are applicable to the measurements of
this investigation -

Imaginary part of refractive index attributable to a single
absorption line = iy

Absorption coefficient due to the same line = B;
n,'I = 81'/4"\)

.
oo
I T

g = line-shape factor

22
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Tahle 1 of Reference [221 aives the line shapes and  their
darivatives with respect to linewidth, Tt is possihle to employ the
Ahnve farmilas tn determine  the fluctuation in the ahanrptinn
confficiont  ayer anv vertical path or seanent of the path as a function
of the  fluctuations nf the three variahles (P, T, N}, TWN
annproximations  of the fluctuation in bhriahtness temperature have
recentlv heen  emplayed  hy R, {1, McMillan nf nur labaratory to compare
with the data reparted hare, le considered fluctuations in the vertical
dater  vapnr Adistrihutinn tn produce  fluctuations in the absorption
cnefficiant nf water vannr, 1In one case, he considered a fluctuatine in
bumiditv at  arnund  level and a correspondina fluctuation vertically
thronnh  the atmosphere, This approach aave fluyctuatinns in brightness
tenperature  on the order nf but less than the measured values, The use
0¥ a fluctuatinon  throuahout the atmaosphere is not the most reasonahle
assumption, A mere  reasonahle one is to assume that the turbulence
ncenrred in a laver approximately 1 km wide at some altitude (used as 10
km in the case analyzed), The iustification of a stratification like
this miqht bhe found in the work of Rufton [?11. The calculations
roqulted  in hriahtness temperature fluctuations on the order of the RMS
values nf fluctuation ohserved in the experiments, but almost an order
nf nmaanitude smaller than the neak-to-peak fluctuations which have been
nhserved,  Pnscibly a  stratification of tre turhulance in the form of
lavers or horizontal sheets of different amplitudes, compatible with
thermoennde  turhylence data 21], would be the most applicahle

assympt.ion.
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TTV-A, DADTOMETRIC MEASUREMEMNT <YSTEM

Tha  atmnanheric  measurements conducted durina this contract have
“oen  obtained with a superheterndvpe, double sideband, Nicke-switched,
81z radiometer, The radiometer, previously described in the Semi-
fnnyal Pepart [T i depicted in Yiqure 2, The most unusual feature
of the radiometer front-end i<  the quasi-ontical antenna feed which
Allonws  nne af  several antenna schemes to be emploved., Fiaqure ? shows
the front-end as it was onerated at the prime focus of the Maval
Tpeearch Lahoratory's  (MPLY 10 faot dish durina the 1072 and 1979
measurement. proarams,  For the 1920 measurements, the radiometer antenna
ford was intearated with a 24 dinch (Casseqrain antenna system by
connecting  the conical horn's wavequide port to the feed horn of the
casseqrain antenna, Antenna patterns for the modified system are shown

in Fiqures 2 and A,

A rew sharpless wafer mixer was installed in the radiometer for the
1990 measurements which greatly  improved system sensitivity at the
laraer nost-detection bandwidths needed to observe atmospheric emission
fluctuations, For most data runs, the minimum detectable  temperature
(A Tmin ) of the radiometer was less than 1%  for a 6.25 Hz bandwidth
IN.1F sec inteqration)., The actual A Tain for each data run is noted
on the time history/spectral density plots in Appendix A.

The overall performance of the radiometric measuring system was
oxcellent  dyrina the 1090 measurements,  System sensitivity and
calibration rencatability were scveral orders of maqnitude better than
that obtained durinq the 1972 and 1970 measurement proqrams at MRL,
where serious radio frequency (PFT) from the amhient electrical
enviroment  dearaded system performance. 'thile some RFI was noted
during operatinn on the Ceorqgia Tech campus, the effect unon the svstem

was nnt nearly as severe nor prolonned as that experienced at NRL.
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NOhservations of atmospheric fluctuations were made under a variety
of atmnspheric conditions durina the period from February 28 through
March 16, 198N, Appencix A lists the data taken during this period with
notes on weather conditinns and the approximate ATm.n existing for the
nh<ervatinns, The mininum  detectable  temperature was checked
neriodically hy ohservations on the ambient lonad, refercnce lnad and hot
1oad, estimating the neak-to-peak noise M and from this, calculating the
minimum detectahle tomperature, ATin = ?y . (SF) where SF is a scale
factor aiven in nK/inch of recorder paper. The weather conditions,
listed in Appendix R, provided a large variety of conditions ranaing
from clear skies te overcase, from low hunidity (~ 0.4 n/m3) to hiqh
humidity ( ~ 1% n/mg) and stronq winds, The conditions of the sky
fclear, nvercast, etc.) can he obtained more accurately from the notes
in Mppondix A, since these data were derived from ohservations made at
the site. The data in Apnendix R were furnished hy HOAA at the Mlanta
Mrport., On March 2, 1920, the weather conditions were very severe with
the temperature on the order of "0 F, strong winds and snow flurries.
Nhservations on the amhienrt lnad were made not only by the load
switchinn scheme previously described [21] but by placina a load
directly oaver the antenna feed horn. This allowed an observation to be
made to include all losses within the system (switchina, reflectors,
horns, etc.) except for the antenna disk. The measurements showed no
ciqnificant difference from the internal switching as far as noise level
of the system was caoncerned. Meither technique, switching or external
Tnad nhservation, resulted in fluctuation levels comparahle to the sky
nohservations. These observations on the amhient load indicate that RFI
or other external eoffects did not contribute tn the larqe fluctuations
nhserved during skvy measurements, RFI should be the same for the

external load case and the sky observations.

28
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C. DATA AMD PRELIMIMARY AMALYSITS

The radioretric data taken during the period from 22 Februarv, 1270
to 16 March, 10810 are naiven in Appendices ( {Amhient Lnad Nata) and D
{7enith  Skv DNata), The bhriahtness temperature fluctuations for sky
nhservation are much larqger than the fluctuations obtained during
ahservatinne  on  the ambient load. They don, in fact, exceed by a larqe
marain  the theoretically expected values. Table 1 aives the hrightness
tomperature  fluctuations as determined from the data of the Appendices,
Table 1% 1lists the peak-to-peak temperature fluctuations and the
corresponding 1 Toyc. For most  cases, the amhient Toad observations
wore on the oarder of & % ar less for peak-to-peak fluctuations
ore = 1.0 °
to-peak fluctuations ranged between 15

yieldina AT V. For the zenith sky measurements, the peak-

% - 30 % as sky conditions
0 3
ATRMS K - °F

%. The most commonly used parameters Adurinag the observations were 20

varied considerably. The resulting ranged from 2.5

seconds  for the oghservation time and an inteqration time 0.16 sec. In
nost cases, the fluctuation rate was much faster than t© = 0.16 sec.
On  some observations, as for Runs 1R-43 on February 28, the temperature
scales were too low and fluctuations were excessive compared to the
larne fluctuations for zenith sky nbserved in nther runs. 1t is not
pvident what the cause of these chanaes were, particularly since the

characteristices returned to typical values on Run %52 of that date.

The oreliminary analysis performed bv R, W, McMillan was intended
te provide an estimate of the fluctuations which can be expected for
reasonahle assumntions for atmospheric  parameters. The estimate,
however, results in expected fluctuations of only a few dearees maximum
amplitude, an oarder of magnitude less than the peak-to-peak amplitudes
of flurtuatinn that have been observed. A more accurate methad of
determinina  the meteoroloaical conditions is needed in order to make

detailed calculations of the effects.
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Table 1A

Brightness Temperature Fluctuations

1.) Ambient Load Observations:

Observation Time = 20 sec.

I = 0.16 sec

February 28, 1980

Run _#

22
28
38
57
62
67

AT

7.5
19
16
6.5
5
6

February 29, 1980

74
76
83
84
85
86
110
119
17
18

8.5
4.3
4.25
5.00
4.5
4.25
9.25
4.4
6.25
6.00

Peak-Yeak

ATRNS

1.25
3.16

[\
[*)}

.08
.83

=

42
.71
.708
.83
.75
.708
.54
.73
.04
.00

= =0 = O O O O O -
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March 2, 1980

34
44
58

March 8, 1980

19
8

March 11, 1980

8

13
25
29
42
52
60

March 16, 1980
78
99
115
88
89
99

21
38

E I Y — N -~
. . . . . N
=N O VLU D

0.75
0.75

0.92
0.83

0.83
0.97
0.50
0.33
1.33
3.5

6.0

0.667
0.583
0.418
0.167
0.37
0.68

k)

T = .5 sec
slow variations

T 1.6 sec
very slow variations

T = 0.5 sec
changed to 5 second observation

" " " 1 0.016 sec

Increased back to 20 sec observation
T =.0.16 sec

5 second observation low fluctuations,
but rapid excursions

20 sec observation
T =0.16 sec




Table 1B

Brightness Temperature Fluctuations

2.) Zenith Sky Observations
Observation Time = 20 sec

T =0.16 sec

February 28, 1980

A

Run # TPeak-Peak A

T

RMS
9 24 4
10 22 3.67
11 22 3.67
12 26 4.33
13 21 3.50
18-43 see note at bottom of Table
52 23 3.84
53 35 5.84
54 30 5.00
55 30 5.00
56 30 5.00
58 31 5.17
59 28 4.67
63 26 4.33
64 22 3.67
65 23 3.84
71 27 4.50
72 26.5 4.41
73 23.5 3.92
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February 29, 1980

78
79
80
81
82
87
88
89
90
91
97
98
106
107
108
109
116
117
118
12
13
14
15
16

16
17
17
16
16
16
18
17
18
17
20
18
17
18.5
22
18
16.5
19
17.5
15.5
17
16
17
19.75

2,67
2.84
2.84
2.67
2.67
2.67
3.00
2.84
3.00
2.84
3.33
3.00
2.84
3.08
3.67
3.00
2.75
3.17
2.92
2.58
2.84
2.67
2.84
3.29
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March 2, 1980

36
37
38
39
40
45
46
47
50
51
52
53
54
60
61
62
63
64
65
71
72
73
74
75

19.5

19
20
20
15.5
16.8
15.9
21
19.4
19.25
18.9
20
16.4
17
16.5
15.8
17
21
19
20
18
22.9
17

3.25
3.35
3.17
3.33
3.33
2,58
2.80
2.65
3.50
3.23
3.21
3.15
3.33
2.73
2.83
2.75
2.63
2.83
3.50
3.17
3.33
3.00
3.82
2.83
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March 11, 1980

10
12
18
21
22
23
30
31
32
33
34
44
45
46
47

March 16, 1980

80
81
82
83
100
101
102

18
21
17
9.5
9.5
9.0
12
4.0
5.0
7.0
10.00
5.00
23
23
24
24.4

16.7
17.5
20
20
7.7
10

3.5

2.83
1.58
1.58
1.5

2.0

0.67
0.83
1.17
1.67
0.83
3.83
3.83
4.00
4.07

2.78
2.92
3.33
3.33
1.28
1.67
1.33

T = 0.5 sec
Change in fluctuation characteristics

60 sec observation with change in
characteristics of fluctuation
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117 7.5 1.25 T =1.6 sec, 60 sec observation
118 4.0 0.67 " " " "

119 5.5 0.92 " " " "

82 10 1.67 T =5 sec, 500 sec observation
83 6 1.0 " " " "

84 4 .67 " " " "

101 16 2.67 20 sec observation, T = 0.16 sec
102 18 3.00 " " " "
103 15 2.50 " " " "

Note: For zenith observations 18 through 43 on February 28, 19§0, the
temperature scale was too low and fluctuations were ¥ 30" K.
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Whereas the observations indicate that large fluctuations occur
under the atmospheric conditions that prevailed durina the February-
March, 1980 period, a more riqorous analysis is  necessary. The
assumption that the atmosphere is stahle during the observation period
must he analyzed further. V. £. Derr of NNAA (Boulder), in a private
communication tao R. W. McMillan, has indicated that stronqg fluctuations
will be ohserved when the atmosphere is in a state of transition, such
as at the time of formation of foas and clouds. He has ohserved strong
return using an 8 mm radar from areas of clear sky near clouds, while
simultaneous ohservations with a ruby Jlidar showed no returns. He
attributes these return to refractive index inhomogeneities caused by
water vaonr. Such conditions could well have existed durina the

measurements of this proaram,
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IV,  CONCLHNSTNNS AND RECOMMENDATOMS

Nhservations performed during the period February 72 - March 16,
1990 hayve shown sky temperature fluctuations ranging from 15%  to
20Oy peak-to-peak values with ATRMS 3-8, These values correspond
to several sky conditions from clear to overcast. Preliminary
calculations indicate that, for clear weather conditions, the expected
fluctuations are smaller by a factor of approximately 4-7 than the
observed fluctuations. The meteorological conditions were such that
considerable instability could have existed in the atmosphere. The high
rate of fluctuations 1is also not expected. Some sky observations
appeared to have a rapid systematic variation characteristic of
instability within the radiometer or from external RFI. The lack of
such effects during the ambient load observations, however, does not
support the contention that the observed fluctuation originated from
system/RFI prohlems. Ffforts to associate the large fluctuations with
sources other than the atmosphere have not resulted in any conclusions.
Some aspects of the radiometer which was used were not desirable and do
present potential sources of fluctuations. This is particularly the
case for the open structure heam-wavequide apparatus in the front-end of
the radiometer. This structure was employed for the observations on the
1n* dish at MRPL but was not needed for the measurements at Georgia Tech.
It did contribute to the degradation of the noise figure. For the ATmin
ohserved with the system, the overall system noise figure was
approximately 12 dB. Nne should expect at 94 GHz that a NF= 7-8 dB
should be achievable with conventional radiometric systems for t= N.16
sec, However, although this structure did degrade the sensitivity of
the radiometer, it cannot account for the large variations (above the
minimum AT) which were observable when viewing the sky.
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The work of Kemp I?7 has associated scintillation with water vapor
fluctuations in the atmosphere. The suqggestion of Derr, however, for
the transition case of changing atmospheric conditions, would have us
take into consideration refractive index changes. Xemp's observations
were made during high humidity of summer months whereas the measurements
of this program were made for water vapor concentrations that varied
from N, q/m1 to 15,3 g/mq. It is quite probable that fluctuations
nf the magnitude that we have observed did not originate from water
vapor fluctuations alone, particularly for the case of the low water

vapor concentrations.

The rapid fluctuations which have been observed in these
experiments are also at variance with theoretical predictions, in that,
if the Taylor hypothesis is assumed to apply, then the water vapor
distribution is assumed to drift through the beam of the radiometer as a
result of atmospheric movements and the rate of change in water vapor
distribution is considered to be slow compared with the time taken to
transit  through the beam. The transit time would have to be
exceptionally short for the Taylor hypothesis to hold.

The data presented provides some initial information on
fluctuations at @4 fHz. It is recommended that the following tasks be
performed:

1)  Perform a more rigorous theoretical study of the fluctuation
effects to define the expected effects on a passive system more
accurately,

?)  Perform more extensive measurements under a greater variety of
atmospheric conditions. Tt is necessary to correlate observations with
weather conditions; it is not evident that all reports of clear weather
are for conditions void of thin visually invisible clouds.

?) Among the ohservations to be made are:
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a. Simultaneous radiometric measurements at 94 GHz with
two separable radiometers. Measurements as a function of
the separation of radiometers are important for determining
fluctuations across the face of a large antenna. Varia-
tion of the separation of the radiometers should be per-
formed, as should interchanging of the position of radio-
meters, The latter test should remove the effect of immediate
surroundings on the apparatus.

h., Simultaneous measurements at 14N GHz and ??0 GHz to
examine fluctuations as a function of frequency.

c. Measurements are needed for several different weather
conditions, actually for all seasons if possible.

d. On the basis of K,-band radar observations, V.F. Derr
of NOAA has recommended that simultaneous radar and
radiometry measurements be performed on the same
propagation path. Radar and lidar observations would
provide information on particles not observable
visually.

The measurements reported here must be considered a first effort
toward fluctuation effects in the millimeter region. Considerably more
data are needed. The ohserved effects cannot be expected to occur under
all measurement conditions as the prevailing conditions during the
period that measurements were taken in this work were quite severe and
continually changing during observations. Measurements as a function of
seasonal variations over an extended period of time are needed. A more
accurate method of determining the conditions of clear sky, compared to
that of visual observation employed in this program, is needed.

The work of Hill et al T??7 should be investigated for extension to

this problem, Values of pertinent parameters of their expressions are
needed for comparison with experiments.
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RUN

10
11
12
13
18
19
20
21
22

23
24
25
26
27
28
29
30
34
35
36
37
38

APPENDIX A
DATA TAKING RECORD

28 FEBRUARY 1980

B TOD SCENE NOTES ATmin ( K). 1
1100 SKY Strongwind, very clear sky 1.50
" " " " "
" " " " "
" " " " "
1200 " " " 2.01
1330 " " " "
" " " "
" " " "
" " " "
AMB " " "
LOAD(INT)
SKY " " "
" " " "
" " " "
" " " "
" " " "
AMB " " " -
LOAD(INT) " " "
SKY " " "
" " " "
" " " "
" " " "
" " " "
" " " "
AMB " " "
LOAD (INT)
b
43
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28 FEBRUARY 1980
(CONTINUED)

RUN TOD SCENE NOTES AT . (°K)
e P e min .

34 SKY Strongwind, very clear sky 2.01

_l.() 13} " " "

[‘1 " " " "

l‘l " [R) " "

‘l. } H " " "

52 " " " 1.29

5} " (1} " "

r)z‘ " " " "

55 " " " "

5() " " " 11}

57 ~ 1600 AMB " " "

58 " SKY " ”" "

59 " " 1" " "

62 ”" AMB " $s 1"
[LOAD( INT)

6} " SKY " " "

64 " [1] ”" 1" "

65 " " ”" " 1"

67 1730 AMB " " 1.49
LOAD(INT)

71 1830 SKY " " "

72 SKY " " "

73 " 1" " "

7[‘ A}iB " 12} 1"
LOAD(INT)
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RUN

76

78

l 79

80
' 31
82
83

85
86

87
88
89
94
91
97
98
99
106
107
108
109
110

- ———

16

APPENDIX A

DATA REDUCTION RECORD

29 FEBRUARY 1980

TOD SCENE NOTES AT . (°K)
~ min
1340 AMB 0.76

LOAD(INT)

SKY Overcast, thin cloud cover, sunny "
" " " " "
”" 1" " " "
" n " 111 1]
" 1] " 11 "
AMB T " " t
LOAD (INT)

AMB " " " "
LOAD (INT)

AMB " 1" " "
LOAD (EXT)

AMB " " " "
LOAD (EXT)

SKY " " " 11

" n " ”"n "

1" " " " "

" " " " n
](‘()() 1" 1" " " "
15:50 " v " " 0.59

" " " " ”

" [1] n " "

" 7" n " 0.90

1" " " " "

" " ”" " "

" " ”" ” "
AMB 7" " " "
LOAD(INT)

SKY " " " 0.85
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29 FEBRUARY 1980

(CONTINUED)

TOD SCENE NOTES AT . (°K)
. o min
SKY Overcast, thin cloud cover, sunny 0.85
T 1" " " "
l ')5‘) AMB t " 1 "
LOAD (INT)
SKY n " 1 "
" " " " 1"
" " " " 1
1A " " " "
n " 1" " 11
f\MB " [1] " "
LOAD (INT)
AMB " 11} " "
LOAD (INT)
46
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RUN Tan

APPENDIX A

2 MARCH 1980

DATA REDUCTTON KECORD

SCENE NOTES

(°K)

L min
34 1430 AMB Cloud's breaking up 0.85
LOAD (INT)
‘t) SKY‘ n 1" " "
5/ " 1] " " 1"
}H 1"t " 1" " "
}9 " " " 12} 111
A/‘ll " n " " "
A AMB " " " 0.83
LOAD (INT)
49 SKY Clear sky "
4‘) " 1" 11) "
47 " " [1} "
50 " oo 0.64
51 1] " " "
r)z " " " "
53 " Slight Clouds "
r)/‘ ”" " " "
5% AMB " " 0.66
LOAD(INT)
Hi) SKY fartial clouds overhead "
‘)I " " " " "
()2 " " n ”" "
hj " " 11} ”" 11
64 " Very slight clouds overhead- "
small patches
hr) " " 11] ”"n "
71 " " ” ” "
]l " " " " t
7’* [1] " " 1] "
7/‘ n " " " "
7) " " " " "
(Wind from North)
47
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RUN

20
22
23

e T R ST

R 4
APPENDIX A
DATA REDUCTION RECORD
8 MARCH 1930
TOD SCENE . NOTES AT . (°K)
T min
1640 AMB Wind from East 0.76
LOAD (INT)
I 7/’() SKY ” " " "
12} " 7" " "
" L1} " " ”"
" ”" " " 0 80
" " " " 1
1755 " " " " [1}
1756 AMB " ” " 11}
LOAD (INT)
‘17\')6 SKY »n " " 11}
SKY ” " " "
SKY ”n " " "
>
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APPENDIX A

DATA REDUCTION RLECORD

11 MARCH 1980

RUN TOD SCENE NOTES AT (°K)
P min
8 1728 AMB 0.76
LOAD (INT)
B) SKY "
1() " "
12 " All previous data @ 0.16 sec T "
] ; MIB " " " "
LOAD (INT)
18 SKY New T.C. 125 ms = 0.5 sec T "
21 " "
22 " "
23 " L
25 AMB "
LOAD(INT)
29 1757 AMB T.C. 400 ms = 1,6 sec T 0.29
LOAD (INT)
30 SKY "
51 " "
id_) 1t "
33 e n
42 AMB T.C. 12.5 msec = 0.5 sec 1.18
LOAD(INT)
44 SKY "
[4() " "
4() " "
[.7 " "
52 AMB 3.65
LOAD (INT)
510 SKY "
99 " "
r)‘_) " "

49
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11 MARCH 1980
' (CONTINUED)
. RUN TOD SCENE NOTES . (°K)
i min
57 SKY 3.65
, 60 AMB T.C. = 4ms T =0,016 PS 6.62
; LOAD{INT)
' 62 SKY "
l 673 " "
64 " "
"
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84

‘ 91

82

' 99

100
| 101
p 102

115

117
118
119

80

83
84
" 89
:
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92

i 99

101
102

l 1073
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APPENDIX A

DATA REDUCTION RECORD

16 MARCH 1980

SCENE

NOTES

AT

o
min (°K)

1130

1210

AMB Back
LOAD

SKY

AMB T.C.
LOAD(INT)

SKY

AMB T.C.
LOAD (INT)
SKY

to 40 ms or 0.16 sec T

to 12.5 ms = 0.05 sec

to 400 ms or 1.6 sec

= 1,25 sec T = 5.0 sec

0.05 sec

W
—
N
.
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3
0
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0.16

40 msec T
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l WEATHER DATA FOR OBSERVATIONS
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Time:
of Dbav

0900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

Temperature

(k)

280.

284,

289.

295,

294,

293,

291,

290.

9

I~

i~

e/

(W

W)

4

Table Weather Data: '8 Feb 80

Water Vapor

(g/m3)

3}
o

6.3

A Y

53

Wind Dirccetion

(deg)

240

240

270

240

260

260

250

250

250

250

240

240

230

ve A

Wind Speed
(kts)

10
12
14
19
16
16
16
16
19
20
13
13

12

Sky

Condition

Clear

Clear

Clear

Clear

Clear

Clear

Clear

Scattered

Scattered

Scattered

Scattered

Scattered

Scattered

Clouds

Clouds

Clouds

Clouds

ouds

Clouds




| Time
i of Day
0900
1000
1100
1200
[ 1300
' 1400
1500
i 1600
M
1700
1800
1900
2000
i 2100
Y
i

Temperature

(°x)

279.

281.

288.

289,

290.

288.

281,

282,

<

.0

1

3

o s e e e e i e -

Table Weather Data: 29 Feph 80

Water Vapor
(g/m3)

54

Wind Direction Wind Speed
(deg) (kts)
340 08
310 08
350 09
310 0OR
310 09
320 07
360 07
340 05
250 06
320 08
330 10
350 10
350 09
PTEaE, T -

AR ]

Sky
Condition

Overcast
Overcast
Overcast
Overcast
Overcast
Overcast
Overcast
Overcast
Broken

Overcast
Overcast
Overcast

Overcast

TR



ity L] [ =

Time
of Day

0900
1000
1100
1200
1300
1400
1500
1600
1700
1 800
1900
2000

2100

Temperature

(°K)

265,

267.

267,

267,

268,

267.

265,

I~

Table Weather Data: 2 Mar 80

Water Vapor
(g/m3)

0.4

0.5

0.4

55

S B e e ———

Wind Direction

(deg)
320
330
320
330
330
340
340
340
330
310
330
320

320

13

11

16

16

16

16

15

19

17

15

17

16

15

Wind Speed
(kts)

Sky
Condition

Overcast
Overcast
Overcast
Overcast
Overcast
Overcast
Overcast
Overcast
Broken
Broken
Scattered
Clear

Clear




[ S

Time
of Day
0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000

2100

Temperature

(“K)

290,

290,

[
£«
e

294

297.

298.

298,

298.

297,

2.6

Table Weather Data: 8 Mar 80

Water Vapor

(g/m3)

10.8

12.5

13.9
15.3
15.3
15.3
14.8

12.9

S s

g veen

Wind Direction Wind Speed
(deg) (kts)
210 11
220 12
230 12
240 12
260 13
290 16
250 14
260 17
240 12
230 10
220 08
220 09
240 10

Sky
Condition
Overcast
Overcast
Broken
Overcast
Overcast
Overcast
Overcast
Overcast
Overcast
Overcast
Overcast
Overcast

Overcast
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Table Weather Data:11 Mar 80

Time Temperature Water Vapor Wind Direction Wind Speed Sky

of Day °x) (g/m3) (deg) (kts) Condition
0900 281.5 3.1 330 13 Rroken
1000 2831 2.8 330 15 Broken
1100 2848 2.4 330 15 Overcast
1200 286.5 2.8 340 17 Qvercast
1300 287.6 2.4 330 16 Overcast
1400 287.6 2.1 330 16 Overcast
1500 288.7 2.1 330 11 Overcast
1600 288.1 1.9 340 12 Overcast
1700 287.0 1.7 320 11 Overcast
1800 285.4 1.6 320 10 Overcast
1900 284.2 1.0 340 10 Overcast
2000 282.6 1.0 340 11 Overcast
2100 282.0 1.0 320 08 Overcast

"?
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- A
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Time
of Day

0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000

2100

Temperature

(°k)

2942
293.1
292.6
291.5
290.9

291.5

Table Weather Data:

Water Vapor

(g/m3)

Wind Direction

58

(deg)

130
160
160
120
170
160
170
170
170
180
170
170

170

16 Mar 80

10

11

14

12

16

18

14

14

12

14

13

13

10

Wind Speed
(kts)

Sky
Condition

Overcast
Overcast
Broken
Broken
Rroken
Broken
Qvercast
Overcast
Overcast
Overcast
Overcast
Overcast

Qvercast

=~ -
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AMRIENT LOAD DATA
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C-1. 28 February 1980
Ambient Load Measurements
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Figure € = 1. Ambient Load Measurement. 28 Feb 80
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Figure €-1, Ambient Load Measurement. 28 Feb 80
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C-2. 29 February 1980
Ambient Load Measurements
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Figure C-2., Ambient Load Measurement. 29 Feb 80
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73

he ' < ol e T g, Wi RS T NI S v ket

O

Antenna Temperature( K)




T e = =

C e

- el == —

TI AVG | Rth 119 i 1
458, 88 _|
" L 302
-1
REAL # A - 299
-1 L
] 296
8.0 I i i { T ! L 1 I
2.8 SEC 20. 800
TI AVG R 119 | Y] 1
-18, 809
-168. 08 1 I L 1 T Tﬁ
8.0 HZ 12, 208
Fiyure -2, Ambient Load Measurement. 29 Feb 80

74

Q..
Antenna Temperature( K)




B N e s o opy G @B

TT AVG 1 Rt 17 #As 1

490. 22 J
m

i

}

-

- 301

I 296
B
5. 888 _
mo ]
293
t—— 18 YT T UT T T T ”T‘“""H-
2.8 SEC 28. 008
TI AVG R#hs 17 Fhs 1
~-18.088 ._______ —_ R e
4

|
-90. 800 . | O O P ey
J{: i - or I S ""“['

() HZ 12. 828

Figpure =2, Ambient Load Measurement. 29 Feb 80
75

B s e R TSN, T W T W v,

O,
erature{ K)

Antenna Temp




—_— e~ ————w -

TI AVG 18 #h i
e

!
!

,* 301

T
T —

REAL - 298

- 296

I D R S R R A R R
8.0 SEC 28.

8

TI AVG Ry i8 #h 1
-ie.eee _ —_

-100.88 _{ . _ ..

B e S o 1 - t- -_],__
8.8 HZ 12. 800

Fipure €-2, Ambient Load Measurement. 29 Feb 80
76

o]

Antenna Temperature( K)




—= G dBh DA SEN TSR O OB &

- EB =B o

77

I
!
l
1
'

C-3. 2 March 1980
Ambient Load Measurements
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C-4. 8 March 1980
Ambient Load Measurements
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APPENDIX E
BIBLIOGRAPHY OF ATMOSPHERIC FLUCTUATION EFFECTS

A search of papers relevant to this investigation has been
performed. The majority of papers have been concerned with optical
propagation experiments of horizontal one-way transmission with coherent
sources. Much of the theoretical understanding of turbulence effects
originates from these investigations. Only recently have experiments
been extended to millimeter wavelengths. Not many publications have
treated vertical radiometric observations of atmospheric fluctuations,
and most of these have involved fluctuation rates less than 1 Hz.
Theory related to vertical passive observations must also be developed
in greater detail. In addition to turbulence effects, cloud formations
must be included in the formulation of sky brightness temperatures. The
importance of wind effects is treated in many publications. Despite the
need for advances in both radiometric observations and related theory,
most of the papers of the bibliography present various aspects which are
important to the fluctuation observations.

BIBLIOGRAPHY

(1) L. Tsang et al, "Theory for Microwave Thermal Emission from a Layer
of Cloud or Rains", IEEE Trans. AP, Vol AP-25, Mo. 5, pp 650-657, Sept.
1977. Formulation of scattering effects of layers of clouds and rain on
down-looking radiometers., Derive radiative transfer equations accounting
for polarization dependence and drop size distributions. Models clouds
and solves resulting equations for brightness versus frequency up to 300
GHz.
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A. M. Zavody, "Effect of Scattering by Rain on Radiometer Measurements
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H. J. Liebe, J. D. Hoppenen, "Variability of EHF Air Refractivity with
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to refractivity variations.
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M B. Kanevskii, "The Problem of the Influence of Absorption on Amplitude
Fluctuations of Submillimeter Radio Waves in the Atmosphere", Scientific-
Research Radio-Physics Institute, Vol. 15, No. 12, pp. 1939-1949, Dec.
1972. -- Show intensity dependence of amplitude fluctuations on wavelength
due to large and small scale turbulence.

A. 0. Izyumov, "Amplitude and Phase Fluctuations of a Plane Monochromatic
Submillimeter Wave in a Near-Ground Layer of Moisture-Containing Turbulent
Air", Radio Eng. and Elec. Phys., Vol. 13, No. 7, pp. 1009-1013, 1968, --
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A. 0. Izyumov, "Frequency Spectrum of Amplitude Fluctuations of a Plane
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of Turbulent Atmosphere", Radio Eng. and Elec. Phys., Vol. 14, No. 10

pp. 1609-1611, 1969. -- Presents frequency spectrums for various sizes

of inhomogeneities at 300 GHz. Treatment has bearing on 94 GHz modeling.

L. A. Hoffman, et al, "Propagation Observations at 3.2 Millimeters", Proc.

IEEE, Vol. 54, No. 4, pp. 449-454, April 1966. -- Dry, wind atmospheric
effects on signal scintillation observed and discussed.
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(18)

(19)

T. Orhaug, "The Effect of Atmospheric Radiation in the Microwave
Region", Publ, of NRAO, Vol. 1, No. 14, pp. 215-250, Oct. 1962 --

Causes for fluctuating component of antenna temperature discussed.
Variation formulated in terms of fluctuations in absorption coefficient.

T. C. L. G. Sollner, "Frequency Spectrum of Fluctuation in Submillimetre
Sky Emission and Absorption", Astron, Astrophys., Vol. 55, pp. 361-368,
1977. - Dual beam astronomy investigation of variations in sky emission.
Shows power spectra up to 1 Hz for 350 u window region.

N. D. Mavrokoukoulakis et al, "Temporal Spectra of Atmospheric Amplitude
Scintillations at 110 GHz and 36 GH:z", IEEE Trans. AP, Vol. AP-26, No.
6, pp. 875-877, Nov. 1978. -- Results of propagation experiment over a

4 km London path. Shows spectral density roll-off at 4.5 Hz at 110 GHz.
Models atmosphere according to Ishimaru {see reference (6)] formulism.
Good theoretical vs. experimental agreement.

R. S. Cole et al, "The Effect of the Outer Scale of Turbulence and
Wavelength on Scintiliation Fading at Millimeter Wavelengths", IEEE
Trans. AP, Vol AP-26, No. 5, pp. 712-715, Sept. 1978. -- Theoretical
treatment of data from reference (16). Show how varying outer scale of
turbulence with respect to Fresnel zones effect spectral densities.

K. L. Ho et al, "Wavelength Dependence of Scintiliation Fading at
110 and 36 GHz", Elec. Lett., Vol. 13, No. 7, pp. 181-182, March
1977. - Original British publication of work described in references
(16) and (17).

N. D. Mavrokoukoulakis et al, "Observation of Millimetre-Wave Amplitude
Scintillations In A Town Envrionment", Elect. Lett., Vol. 13, No. 14,

pp. 391-392, July 1977. -- Time records of amplitude fluctuations observed
over 4 km London path at 36, 110 GHz. Correlation of fading with wind

and temperature changes noted.
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G. T. Wrixon and R. W. McMillan, "Measurements of Earth-Space Attenuation
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variance.
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